Heavy-vehicle driving involves a challenging work environment and a high crash rate. We investigated the associations of sleepiness, sleep disorders, and work environment (including truck characteristics) with the risk of crashing between 2008 and 2011 in the Australian states of New South Wales and Western Australia. We conducted a case-control study of 530 heavy-vehicle drivers who had recently crashed and 517 heavy-vehicle drivers who had not. Drivers' crash histories, truck details, driving schedules, payment rates, sleep patterns, and measures of health were collected. Subjects wore a nasal flow monitor for 1 night to assess for obstructive sleep apnea. Driving schedules that included the period between midnight and 5:59 AM were associated with increased likelihood of crashing (odds ratio = 3.42, 95% confidence interval: 2.04, 5.74), as were having an empty load (odds ratio = 2.61, 95% confidence interval: 1.72, 3.97) and being a less experienced driver (odds ratio = 3.25, 95% confidence interval: 2.37, 4.46). Not taking regular breaks and the lack of vehicle safety devices were also associated with increased crash risk. Despite the high prevalence of obstructive sleep apnea, it was not associated with the risk of a heavy-vehicle nonfatal, nonsevere crash. Scheduling of driving to avoid midnight-to-dawn driving and the use of more frequent rest breaks are likely to reduce the risk of heavy-vehicle nonfatal, nonsevere crashes by 2-3 times. heavy vehicles; road accidents; sleepiness Abbreviations: CI, confidence interval; NSW, New South Wales; OR, odds ratio; OSA, obstructive sleep apnea; WA, Western Australia.
There is a significant overrepresentation of heavy vehicles in road deaths in Australia and internationally (1) . For example, deaths related to heavy-vehicle crashes in the United States comprise 8% of all road deaths, despite accounting for only 1% of vehicle registrations (2) . These findings are not surprising given the high levels of exposure to the road environment for professional heavy-vehicle drivers and the challenging work conditions that involve vast distances and tight delivery schedules. Consequently, extended driving schedules and the need to meet deadlines may contribute to the presence of a variety of factors affecting driving behavior, including fatigue, stress, and the use of stimulants to stay awake.
Surveys of long-distance heavy-vehicle drivers have found that excessive sleepiness is associated with overtime work, irregular schedules, and a predominance of nighttime driving (2) . These situations expose drivers to prolonged periods of wakefulness, prolonged periods of driving, and circadian factors known to increase the propensity to sleep. Experimental research (3) using observed highway driving sessions has shown that long driving hours exacerbate increased sleepiness and the driving performance errors seen in nocturnal driving. These findings concur with earlier research (4) that found the crash risk of heavy-vehicle drivers was elevated during periods of nighttime driving, particularly when the driver's schedule had reached 9 hours. More recent research has indicated an elevated risk of crashing associated with working more than 12 continuous hours and having been awake for more than 16 continuous hours (5) . To date, however, many of the reported studies have not adjusted for factors related to the driver's quality and quantity of sleep prior to a crash, nor for the presence of a concomitant sleep disorder. Sleep disorders, such as obstructive sleep apnea (OSA), are more common in heavy-vehicle drivers (6, 7) than in the general population and have been associated with an increased crash risk (8) , particularly among private-vehicle drivers. Importantly, the strength of the association between OSA and the risk of crashing, relative to other risk factors such as sleep loss or shift schedules, has seldom been studied (9) .
The aim of the current study was to determine whether there is an association with the likelihood of nonfatal, nonsevere heavy-vehicle crashes and the simultaneously combined factors of sleepiness and sleep disorders, work environment (including driver schedules, shift length, and payment arrangements), and characteristics of the truck, which, until now, have not been considered together.
METHODS
A population-based case-control study was undertaken involving 530 heavy-vehicle drivers who were involved in police-reported crashes and 517 heavy-vehicle drivers who had not crashed. Drivers were recruited from the 2 Australian states of New South Wales (NSW) and Western Australia (WA), with populations of 7.3 million and 2.3 million, respectively (10) . Eligible drivers were commercial, heavyvehicle, long-distance operators traveling on a "long-haul" trip in excess of 200 km from the driver's operating base. A heavy vehicle was defined as a heavy-rigid truck or heavy-articulated truck with a tare weight of more than 12 metric tons. For the purpose of this study, heavy buses were excluded.
Drivers involved in heavy-vehicle crashes
Case subjects were eligible drivers who were involved in a crash in either NSW or WA that resulted in police attendance. Case subjects were identified prospectively from December 2008 to May 2011 through an active surveillance system established in the traffic branch of the NSW Police Force (Sydney, Australia) and the Information Capture Centre of the WA Police Force (Perth, Australia). Because diagnostic testing for sleep apnea was required of heavy-vehicle drivers, drivers were excluded if the crashes in which they were involved resulted in the death of a driver or the serious injury of the heavy-vehicle driver resulting in admission to a hospital for more than 2 weeks. Immediately following police attendance at a heavy-vehicle crash, a letter was sent by researchers in each state inviting the driver to participate in the study. Drivers were able to return the letter at this stage indicating they did not want further contact. Two weeks after the date of each crash, all drivers who had not declined were contacted by telephone to elicit their verbal consent for participation. If the driver agreed, consent was obtained by telephone, and the interview proceeded.
Control group
The comparison group comprised heavy-vehicle drivers from across the 2 states who had not been involved in a crash resulting in police attendance during the previous 12 months. To ensure the sampling frame and the recruitment sites reflected those that could have given rise to a case driver, interview and recruitment locations for the control group were situated on heavy-vehicle (truck) routes traveled by drivers in each state. These routes were selected on the basis of heavy-vehicle crash data from the previous year and assessments of the heavy-vehicle traffic flows provided by the state road authorities for the same period. Once the routes were identified, truck stops along the routes frequented by heavy-vehicle drivers were identified, and interviews were conducted. Control interviews were undertaken across 21 continuous months; unlike in Europe and North America, there was limited seasonal variation between and within the 2 states involved in the study. Interviews were conducted at 19 sites in NSW (n = 417) and 6 sites in WA (n = 100) on 66 different occasions. Research staff approached all drivers as they presented to the refueling station/truck stop and invited the drivers to participate in an interview. The interviews were spread across all times between 6:00 AM and midnight and across all days of the week. For cost reasons and the safety of our interviewers, we did not continue interviewing for the first 6 hours of each day. However, given that the average heavy-vehicle driving schedule was 11 hours, not covering the remaining 6 hours is unlikely to have differentially omitted drivers from the study. Face-to-face interviews were conducted at the truck stops in WA by staff from the call center and in NSW by trained research assistants from The George Institute for Global Health (Sydney, Australia). We minimized the potential bias that could arise by using different interviewers to complete the NSW control interviews by 1) ensuring that all WA and NSW interviewers were trained in the interviewing technique by the same research staff, and 2) minimizing the number of interviewing staff and thereby reducing the potential for error due to interobserver variation. All drivers received a $50 supermarket voucher to remunerate them for their time.
Measurement of risk factors
A 40-minute questionnaire was developed by a panel of experts. The questionnaire elicited information regarding driver characteristics, employer-and company-related details, and select vehicle information. The questionnaire was identical for cases and controls other than inclusion of an additional section pertaining to details of the crash for cases.
For all drivers, we obtained data on demographic and anthropometric characteristics, health status, drug and alcohol use, sleep quantity and quality, and self-reported measures of sleepiness. The questionnaire also included standardized validated questions, including the Epworth Sleepiness Scale (10) and the Multivariable Apnea Prediction Index (11) . Sleep (quantity and quality) was measured for the day of the crash and the 2 preceding days for cases and for the day of the interview and the 2 days before the interview for controls. All drivers (both cases and controls) were sent a diagnostic device (Flow Wizard, DiagnoseIT, Sydney, Australia) to wear overnight during their sleep to test for obstructive sleep apnea (12) .
Statistical analysis
As a reference point for the acute exposure, an "index time" was randomly selected for each control driver. The entire time each heavy-vehicle driver had been driving during the trip preceding the interview was established as the sampling frame, and a point in time was randomly selected during that trip to make comparisons with the case subjects' 1) time of crash (relevant to circadian modulation of sleepiness); 2) time spent awake since the end of the main sleep period (a marker for the homeostatic drive for sleepiness) and; 3) time since the last break (the effect of time on task).
Univariate statistics were computed from the final data set using SAS software (SAS, Inc., Cary, North Carolina). Variations in proportions between cases and controls were initially assessed using the standard χ 2 test for association with continuity correction where appropriate. Odds ratios and 95% confidence intervals were derived using the standard methods for case-control studies (13) . The independent contributions of variables to the overall risk of a heavyvehicle crash were assessed using unconditional multiple logistic regression. A backward stepwise logistic regression approach was used, and potential confounders were included in the adjusted regression models if they were associated with the outcome measure in bivariate Poisson models (we used P < 0.2 as the conventional level to screen independent variables for multivariate modeling). The parsimonious model was adjusted for the state (NSW or WA) to adjust for any systematic bias. The Hosmer-Lemeshow test was performed to test the goodness-of-fit of the final model, which indicated that the model fitted the data well (P = 0.79). The human research and ethics committees of the University of Sydney (for NSW) and Curtin University (for WA) granted ethical approval for this research.
RESULTS
Police in the 2 states notified the research team of 895 eligible crashes during the observational period, and 530 of these drivers were recruited into the study (59%). A total of 891 drivers met the control eligibility criteria, and 517 were recruited into the study (58%). No demographic differences were observed between participants and nonparticipants. Drivers were overwhelmingly male (99%) with a significant difference in the mean age between case and control drivers (for cases, median age, 44 years, mean age = 44 years, range, 21-74 years; for controls, median age, 46 years, mean age = 46 years, range, 19-74 years; P = 0.003). The average weekly take-home pay (during the week prior to the crash or interview, in Australian dollars) was similar between cases and controls (for cases, median, $1,176, mean = $1,253, range, $100-$7,500; for controls, median, $1,250, mean = $1,343, range, $200-$8,500). The average number of hours worked per week was similar between cases and controls (for cases, median, 50 hours/week, mean = 51 hours/week, range, 1-130 hours/week; for controls, median, 60 hours/week, mean = 59 hours/week, range, 4-126 hours/week) as were the kilometers traveled in the week preceding the crash (for cases, median, 3,033 km, mean = 3,170 km) or index trip (for controls, median, 3,228 km, mean = 3,374 km). Table 1 describes the distribution of the sleep-related factors between cases and controls. Rates of self-reported sleepiness were relatively low among cases (9%) and controls (12%). Despite this, 34% of case drivers and 40% of control drivers reported having had trouble staying awake while driving in the preceding month. Use of substances to aid sleep or maintain wakefulness were reported among 4%-6% of all subjects. Reported rates of caffeine consumption were lower in the case drivers, with only 30% reporting consuming any caffeinated substances in the last month, compared with 56% of control drivers. Rates of sleep apnea as predicted by the portable monitor were not different between the 2 driver groups, with "likely severe" sleep apnea being observed in 19% of case drivers and 16% of control drivers. Scores from the Multivariate Apnea Prediction Index, which is based on a combination of self-reported breathing disorders while sleeping, body mass index (weight (kg)/height (m)
2 ), and smoking status indicated that "likely" sleep apnea (regardless of severity) was observed in 38% of case drivers and 47% of control drivers. Descriptive statistics for key work-environment-related factors are reported in Table 2 .
All factors associated with crash risk (P < 0.2) were entered into a backward stepwise logistic regression model. Variables of interest to the study or known to be associated with sleepiness or crash risk were forced into the model. Interactions (and polynomial terms) were assessed, and no significant interactions were observed. The parsimonious model is presented in Table 3 .
It is evident from Table 3 that less-experienced heavyvehicle drivers are more than 3 times (adjusted odds ratio (OR) = 3.09, 95% confidence interval (CI): 2.27, 4.20) as likely to be involved in a crash compared with experienced drivers. An interesting finding was the increased risk of crashing when traveling with an empty load compared with traveling with general freight (adjusted OR = 2.61, 95% CI: 1.72, 3.97). There was a greater than 3-fold risk of crashing between midnight and 5:59 AM compared with 6:00 AM to 12:00 PM (adjusted OR = 3.42, 95% CI: 2.04, 5.74). Crash risk was also elevated when the time since the driver last took a break was 2-4 hours or more than 4 hours (adjusted OR = 2.44, 95% CI: 1.63, 3.64) with an evident doseresponse relationship. Two variables, the use of caffeinated drinks and the time since the start of the trip, were associated with significantly lower risks of crashing. Drivers who used caffeinated drinks had 3 times lower odds of crashing (adjusted OR = 0.30, 95% CI: 0.22, 0.39), and drivers who were in the early stages of the trip (<8 hours) were approximately half as likely to crash (adjusted OR = 0.64, 95% CI: 0.45, 0.91). Although not significant, the hours of sleep a driver had reported prior to the day of the crash (and the comparable day for the index trip) also suggested a trend toward a protective effect from increased hours of sleep. Not having antilock braking systems and not having cruise control on the truck were associated with 50% and 61% increased likelihoods of crashing, respectively.
DISCUSSION
In this large case-control study of heavy-vehicle drivers, we found a number of human and vehicle factors to be associated with nonfatal, nonsevere crashes. Consistent with previous findings (14), there was a higher risk of crashing between midnight and 5:59 AM. However, to date, no other study has quantified the magnitude of risk associated with heavy-vehicle night driving, especially in the midnightto-dawn period. This finding, in addition to that of a recent study (15) demonstrating that 3 continuous hours of night driving can contribute to performance errors equivalent to a blood alcohol concentration of 0.08, suggests that schedules with minimal night driving could reduce the risk of crashing. The risk of crashing significantly increased if a heavyvehicle driver had driven for more than 4 hours without a break. This was a significant factor even after accounting a Cases (n = 530) were heavy-vehicle drivers who had recently been involved in police-reported crashes.
b Controls (n = 517) were heavy-vehicle drivers who had not recently crashed.
c Includes B-doubles (2 trailers linked together and pulled by a prime mover) and "road trains" (>2 trailers linked together and pulled by a prime mover).
d An index time was randomly selected for each control driver as a reference point for the acute exposure.
for factors such as crash time, time awake, apnea-hypopnea index, Epworth Sleepiness Scale, use of caffeinated stimulants, and the driver's hours of sleep in the prior week. This finding confirms the importance of regular breaks and likely reflects a time-on-task response (2, 3, 11) . The effects of time-on-task are well known (16) , and performance appears to be better maintained when there are regular breaks within a prolonged drive (17) . Consequently, reforms in Australia and internationally have been implemented to ensure that breaks are integrated within driving schedules (18) .
Although the prevalence of sleep apnea was high in both case and control drivers, we did not find the presence of objectively measured sleep apnea to be associated with crash risk among heavy-vehicle drivers. This appears to contradict the findings of other studies that have used various methods to measure OSA (8) . However, almost all of these studies were of noncommercial drivers, and we are aware of only 3 studies examining the relationship between OSA and crash risk in heavy-vehicle drivers (6, 19, 20) . In 2 of these studies, crash history was obtained by self-report, and the third used (23) . Also, scores on the Multivariable Apnea Prediction Index, which is used to predict sleep apnea risk on the basis of symptoms, sex, obesity, and age, were not associated with increased crash risk. The outcome measured from polysomnography and the nasal flow monitor is the apnea-hypopnea index. There is marked interindividual variation in sleepiness and neurobehavioral dysfunction in OSA, and this is often poorly related to the apnea-hypopnea index; therefore, this measure may not provide the best metric for determining crash risk associated with OSA in heavy-vehicle drivers.
Despite the fact that we did not find an association between OSA and crashes, it should be noted that there was a high prevalence of OSA in this population. This signals the presence of significant risk factors for cardiovascular and metabolic comorbidities that may compromise heavy vehicle driver health.
Previous studies have reported a relationship between articulated (multiple-trailer) heavy vehicles and the likelihood of crashing (24) . Articulated vehicles demonstrate certain handling problems, including trailer sway and increased risk of rollover. Although this was not found to be associated with crash risk in the current study, we found that traveling with an empty load in an articulated truck was associated with almost 2-fold increased risk of crashing. A similar finding in relation to empty loads has been reported (25) and attributed to the limited experience of drivers in handling an empty heavy vehicle. This explanation is partially supported by our finding that a greater risk of crashing was observed for less experienced drivers, although there was still an elevated risk for experienced drivers. Aside from this cause, the current finding may also be attributed to factors such as speed associated with time restrictions imposed to pick up a new load and/or to finish the shift. This would be supported by the fact that the majority of drivers with empty loads were operating under piece-rate (or incentive driven) payment systems (57%). Clearly, an opportunity to move to a nonpiece-rate payment system may remove such performance pressures.
An increased likelihood of crashing was observed in this study in the absence of cruise control and antilock braking systems, although the presence of these technologies was self-reported by the drivers and was not verified by the research staff and, hence, is subject to reporting bias. However, the absence of these technologies was strongly associated with the probability of crashing. Moreover, there is a dearth of literature on these technologies, with earlier research involving light trucks showing a 36% reduction in nonfatal rollover crashes in trucks fitted with all-wheel antilock braking systems (26) . These findings suggest that, in the absence of these technologies, drivers are at a heightened risk of crashing, but they may also suggest that older trucks with fewer safety features are more likely to be involved in crashes.
It was necessary to undertake the study in 2 Australian states and, as a consequence, unique state-level factors may have influenced our findings. Occupational health and safety legislative requirements differ between the 2 states, and these differences could have influenced driver behaviors, as well as recall of behaviors, such as the number of breaks taken, hours driven, and many of the self-reported sleep variables. By adjusting for these factors in the final model, we have attempted to minimize the effect these biases could have on the interpretation of our findings. A potential limitation in the study design is that controls were not recruited between 12:00 AM and 5:59 AM. Because heavy-vehicle driving is a 24-hour industry, this gap in recruitment might have influenced the representativeness of controls and selection of the "index time" for crash comparison. However, comparison with previous surveys of Australian heavy-truck drivers shows that comparatively few drivers start work during the 12:00 AM to 5:59 AM period. These surveys showed similar distributions of start time of driving (19.5% (27) and 10.4% (28) ) to the controls in this study (14.6%), suggesting that the gap in recruitment is unlikely to have created a less representative sample of controls. Given the constraints imposed in following up cases in a timely fashion (cases were followed up within 4 weeks and controls immediately), there may be the potential for recall bias. The likely effect of this is that the estimates of effects would be biased toward the null, suggesting that the findings reported here are likely to be conservative.
The findings from this study indicate that schedules that involve driving between midnight and 5:59 AM are associated with a heightened risk of crashing, as is driving for more than 4 hours without a break. Opportunities to modify schedules in light of these findings could be an effective fleet risk management strategy. Furthermore, this study quantifies the potential crash risk associated with not adopting vehicle safety technologies, suggesting that there could be benefits in regulating requisite safety technologies on all heavy vehicles. Finally, we have shown that sleep apnea was not associated with the propensity to crash.
